Human amnesia is a clinical syndrome exhib iting the failure to recall past events and to learn new information. Its "pure" form, characterized by a selec tive impairment of long-term memory without any disor der of general intelligence or other cognitive functions, has been associated with lesions localized within Papez's circuit and some connected areas. Thus, amnesia could be due to a functional disconnection between components of this or other neural structures involved in long-term learning and retention. To test this hypothesis, we mea sured regional cerebral metabolism with 2-[18P]fluoro-2deoxy-n-glucose ([18p]PDG) and positron emission to-
The present knowledge of cerebral pathways in volved in learning and memory rests on experimen tal research in primates (Mishkin, 1982) and on pathological studies of amnesic patients (Milner, 1966; Mair et aI., 1979) . Amnesia is a clinical syn drome characterized by a selective impairment of long-term memory, i.e., the failure to recall past events and to learn new information (Baddeley and Warrington, 1970) . Retrograde amnesia, i.e., diffi culty in retrieving past events that occurred before the onset of illness, is also present. On the other hand, "pure" amnesics have a normal short-term memory, i.e., they can accurately repeat short se-mography (PET) in II patients with "pure" amnesia. A significant bilateral reduction in metabolism in a number of interconnected cerebral regions (hippocampal forma tion, thalamus, cingulate gyrus, and frontal basal cortex) was found in the amnesic patients in comparison with normal controls. The metabolic impairment did not cor respond to alterations in structural anatomy as assessed by magnetic resonance imaging (MRI). These results are the first in vivo evidence for the role of a functional net work as a basis of human memory. Key Words: Mem ory-Neural network-Positron emission tomography.
quences of stimuli, such as words or numbers, im mediately after presentation. They are also free from disorders of other cognitive functions, such as general intelligence, language, and perceptual abil ities, showing indeed intact learning and retention of certain motor, perceptual, and cognitive skills that are related to implicit procedural knowledge. They also have spared semantic memory for facts and general information gathered before the onset of amnesia.
Global amnesia is usually associated with bilat eral damage of brain structures including the medial temporal lobe (hippocampus, parahippocampal gy rus) (Milner, 1966) , the diencephalon (mammillary bodies, mammillothalamic tracts, and dorsomedial thalamic nucleus) (Mair et aI., 1979; von Cramon et aI., 1985) , and the sectal precommissural nuclei of the basal forebrain (Alexander and Freedman, 1984) . Memory deficits, although less consistently, have also been reported in association with damage of the cingulate gyrus (Whitty and Lewin, 1960) and the fornix (Heilman and Sypert, 1977) . The medial temporal lobe, the fornix, the mammillary bodies, the anterior thalamus, and the cingulate gyrus are linked in a corticosubcortical circuit originally de scribed by Papez (1937) and associated with mem ory function (von Cramon et aI., 1985) . Studies of amnesia-associated lesions in humans have led to some uncertainties about crucial lesion(s) sufficient to cause persistent amnesia. It has been repeatedly suggested that the neurological basis of human am nesia is a disconnection between components of Pa pez's or other neural circuits involved in long-term learning and retention (Mair et aI., 1979; von Cra mon et aI., 1985) .
Recently, imaging methods such as X-ray com puted tomography (CT) and magnetic resonance im aging (MRI) have been used to identify morpholog ical damage in amnesics in vivo (von Cramon et aI., 1985; Press et aI., 1989) . However, impairment of brain function is not necessarily associated with tissue death: structurally normal areas with re duced blood flow and metabolism have been ob served in several neurological disorders, thus pro viding an explanation to symptoms apparently un related to structural modifications (Feeney and Baron, 1986) .
Positron emission tomography (PET) allows the study of human brain function in vivo by means of the quantitative measurement of regional blood flow and metabolism and can assess the functional derangement of neural circuits (Phelps and Mazzi otta, 1985) . The results of functional imaging stud ies in normals (Gur et aI., 1983; Petersen et aI., 1988) and in patients (Wood et aI., 1980; Metter, 1987; Perani et aI., 1987) are in agreement with the concept of the neural correlates of cognitive func tions as complex corticosubcortical networks (Mishkin, 1982; Zeki and Shipp, 1988; Mesulam, 1990) . In patients with acquired disorders of lan guage and of spatial attention, a reduction in CBF and metabolism in cerebral regions far removed, but connected, from the structural damage has been shown. The mechanism producing such remote ef fects is likely to be a disconnection between neural structures, which causes a reduction in synaptic ac tivity by deprivation of afferent input (Feeney and Baron, 1986) .
The aim of this study was to investigate whether functional derangements could be observed in MRI normal regions known to be involved in memory processes. To this end, we measured the local cerebral metabolic rate for glucose (lCMR glc ) with PET and 2-e8F]fluoro-2-deoxY-D-glucose (e8F]FDG) in a cohort of "pure" amnesics with selective impairment of long-term memory.
MATERIALS AND METHODS

Patients
Patients referred for the evaluation of severe memory disorders of different etiology were submitted to a neuro psychological examination of long-term verbal and vi sual-spatial episodic memory, memory for past events, short-term memory, language, visual-spatial processing, and nonverbal reasoning. Eleven consecutive patients (mean age of 50.45 ± 10.24 years) with a selective impair ment of long-term memory and normal performances on tests of short-term memory, language, visual-spatial per ception, and abstract reasoning ("pure amnesics") were included in the study. Neuropsychological data are sum marized in Table 1 . This cohort comprises two patients with alcoholic Korsakoffs disease, three with cerebro vascular lesions, five posthypoxia cases, and one posten cephalitis case. Demographic and neurological data are summarized in Table 2 . The experimental protocol was approved by the Ethics Committee of the Scientific Insti tute H San Raffaele. Informed written consent was ob tained from each subject.
MRI was performed in all patients except in one case, who underwent a CT scan because of the presence of a surgical clip for an anterior communicating artery aneu rysm. MRI was carried out with a Siemens Magnetom superconducting unit operating at 1.5 T. All posthypoxia cases and the patient with postencephalitic amnesia had normal MRI findings, while in patients with Korsakoff's disease, a severe atrophy of the mammillary bodies was found. In two cerebrovascular (ischemic) patients, bilat eral thalamic lesions and a unilateral right thalamic lesion were detected. In the patient with surgical clipping of an anterior communicating artery aneurysm, a right frontal basal ischemic lesion was shown on CT scan. The study was performed at an average length of time of 14.5 months (range of 2-48 months) from the onset of clinical amnesia.
PET method
[18PlPDG PET studies were performed in the resting state with eyes open. The PET tomograph used was a Siemens ECAT 931104-12 whole body positron scanner.
The system consists of four rings of bismuth germanate (BGO) detectors yielding seven transaxial image slices (four direct planes, three cross-planes) with a slice thick ness of 6.75 mm, covering an axial field of view of 5.4 cm. The spatial resolution of the tomograph is 6.3 mm full width at half-maximum (FWHM) in the axial image plane.
Patients and controls were positioned on the scanning bed, resting in a head holder that uses the subject's dental morphology for positioning (Bettinardi et aI. , 1991) . All of the patients were injected with 250-300 MBq of [18F]FDG as a bolus with rapid arterial blood sampling to obtain the arterial input function. Blood samples were collected ev ery 2-3 s in the first minute, and then at 1.5, 3.0, 5.0, 7.5, 10, 15, 25, 35, 45, and 65 min from the injection time.
Forty-five minutes from the injection (steady state), two spatially consecutive emission scans (10 min each), needed to cover the whole brain, were acquired with au tomatic software control of the bed position. The blood samples were centrifuged for plasma separation, and the radioactivity in the plasma was measured using a sodium iodide well counter. Images were reconstructed using a fIltered backprojection algorithm with a Hann filter (cut off frequency of 0.5 cycles/pixel). The images were zoomed by a factor of 3, resulting in an effective pixel size of 1.57 mm. Measured attenuation corrections were per formed. Values of lCMRglc were calculated according to a model based upon the autoradiographic technique pro posed by Sokoloff et al. (1977) and revised by Reivich et al. (1985) for human PET studies.
Data analysis
Reconstructed data were transferred to a SUN (SPARC) workstation for image processing. Image anal ysis was performed with "Analyze" software package (BRU/Mayo Clinic): images were reoriented horizontally parallel to the anterior commissure-posterior commissure (AC-PC) line (Friston et aI. , 1989) , in order to obtain anatomical localization with reference to a stereotaxic at las (Talairach and Tournoux, 1988) . Coronal slices were then generated. Numerical data were obtained using cir cular regions of interest (ROIs) with a diameter corre sponding to 1.5 FWHM (9.6 mm), which were manually drawn along the whole cortical ribbon, the main subcor tical nuclei, and deep structures (Fig. 1) . Average values of ICMRglc were calculated from the multiple ROIs in cluded within the major anatomical subdivisions, which were identified on the atlas. These average values, cor responding to the 14 anatomical regions listed in Table 3, were used for statistical analysis.
The ICMRglc values of amnesics were compared with a matched control group of 10 normal subjects (mean age of 44.6 ± 14.89 years). The amnesics' and normals' meta bolic values were submitted to an analysis of variance with one between-subject factor (group) with two levels (amnesic and control subjects) and two within-subject factors: cerebral regions (the 14 regions listed in Table 3 ) and cerebral hemisphere (left, right) (Kirk, 1969) .
RESULTS
In all patients, ICMRgl c values were decreased in several cerebral regions, when compared to control values. The analysis of variance showed that both the group effect (F = 11. 43; df = 1, 19; p = 0. 003 1) and the region effect (F = 79.90; df = 13,247; p < 0. 000 1) were significant. The hemisphere effect was not significant (F = 1. 76; df = 1, 19; n.s.). The group x region interaction was significant (F = 6. 56; df = 13,247; p < 0. 000 1). The interaction was explored by means of simple main-effects tests, as signing the same per family error rate to the simple main-effects tests as that allotted to the overall F ratio. The p value was set at 0.0036 according to Bonferroni's correction for multiple comparisons. Significant differences were present only in the frontal basal cortex, cingulate gyrus, hippocampus, and thalamus bilaterally ( Table 3 ). The PET scan of a patient is shown in Fig. 2 .
DISCUSSION
All amnesics showed an overall bilateral meta bolic depression that involved the hippocampal for mation, thalamus, and cingulate gyrus and extended to the frontal basal regions. Thus, it is the metabolic depression of the whole of this neural network that is correlated with amnesia. These data suggest that episodic learning and memory in humans are sub served by a network of interrelated neural struc tures, including Papez's circuit but extending also to the basal anterior regions, which have important connections with the medial temporal regions (Am aral and Cowan, 1980) . The frontal basal region, as selected in this study, comprises the basal fore brain, which has reciprocal connections with the dorsomedial thalamic nucleus and projects to the hippocampus through the cingulate and hippocam pal gyri (Damasio, 1985) . Damage to this area may produce amnesia (Alexander and Freedman, 1984) . We found a global depression of thalamic metabo lism, but were unable to distinguish among single thalamic nuclei, because of PET's limited spatial resolution. While some parts of the thalamus, such as mammillothalamic tracts and the anterior nu cleus, are well-known components of Papez's cir cuit, other thalamic structures (dorsomedial nu- cleus, internal medullary lamina) may also be in volved in memory function, as suggested by the observation of amnesia after focal thalamic damage (von Cramon et ai., 1985; Winocur et ai., 1984) . The pattern of metabolic depression found in our series of pure amnesic patients does not correspond to alterations in structural anatomy, as assessed by MRI. The latter was in fact either normal or showed selective and limited damage, although bilateral in the majority of cases. The patients included in the present series are representative of the different eti ologies underlying the clinical syndrome of pure amnesia, which are usually associated with bilateral structural damage in different locations. The patho logical hallmark of amnesia in Korsakoffs disease is the involvement of several diencephalic struc tures surrounding the third ventricle, among which the dorsomedial nucleus of the thalamus and mam millary bodies are probably playing the most impor tant role (Victor et ai., 197 1). In the case of vascular thalamic lesions, bilateral damage to the mammillo thalamic tract and ventroamygdalofugal pathways is usually found in patients with persistent amnesia (von Cramon et ai., 1985; Graff-Radford et ai., 1990) . In postanoxic amnesia, a selective hippocam pal damage in the CAl field has been reported (Zola-Morgan et ai., 1986). Amnesia after basal forebrain infarction is considered a consequence of lesions to the septal nuclei, diagonal band of Broca, and substantia innominata (Damasio et aI., 1985) . Finally, postencephalitic amnesia usually follows bilateral temporal and hippocampal involvement (Damasio and van Hoesen, 1985) . Thus, localized, usually bilateral, damage to the hippocampal forma tion, thalamus, or frontal basal cortex can cause a global metabolic depression of the whole of these structures, which behave as a functional circuit. This includes the main components of Papez's cir cuit, as well as the frontal basal cortex. Preserved episodic memory processes rely on the integrity of this network, which allows the acquisition and con scious recollection of new information (anterograde memory) and the recall of pre morbid experiences (retrograde memory).
In pathological conditions associated with impair ment of multiple cognitive functions, such as Alz heimer disease, and in patients with aphasia, PET studies have shown metabolic depression in the temporal and parietal cortex (Frackowiak et ai., 198 1; Metter, 1987) . Alzheimer disease patients usually show the neuropsychological profile of both episodic and semantic memory impairment, which has been related to metabolic dysfunction of the mesial temporal cortex and its connections along Papez's circuit and of the higher-order association cortices located in parietal and temporal regions (Fazio et ai., 199 1) , respectively. These regions were comparatively spared in our amnesics, indi cating a specific metabolic pattern in "pure" amne Sia.
In conclusion, the present findings provide the first in vivo evidence for the role of a functional circuit as the basis of human memory and indicate the usefulness of selected pathological conditions, such as amnesia, as models for PET studies of cog nitive functions.
